Introduction {#Sec1}
============

Cortex, basal ganglia, cerebellum, and thalamus are interconnected (Alexander and Crutcher [@CR1]; Alexander et al. [@CR2]; Wichmann and DeLong [@CR91]), with basal ganglia and cerebellum being thought to process information in segregated loops that primarily interact in the neocortex. This common understanding has been challenged by findings from neuroanatomical and imaging studies suggesting additionally a direct subcortical interaction with the thalamus as the main relay station of both projection systems (Percheron et al. [@CR62]; Hoshi et al. [@CR26], suppl. material). Yet, the nature of the reciprocal interactions between cerebellum and basal ganglia is still under debate (Caligiore et al. [@CR12]).

The thalamus receives major projections from the dentate nucleus (DN), which is the main output station of the cerebellum. These projections are ascending via the superior cerebellar peduncle and traverse through as well as anterior to the red nucleus (Asanuma et al. [@CR5]; Ristanović et al. [@CR65]). Conversely, the globus pallidus (GP)---the main output station of the basal ganglia---projects to the thalamus by forming the ansa and fasciculus lenticularis (Gallay et al. [@CR20]). Projections from both systems, from the dentate nucleus as well as from the pallidum, enter the thalamus ventrally by forming the pallido-thalamic and the cerebello-thalamic fascicles, which do not intermingle (Gallay et al. [@CR20]). Both projection systems were so far thought to terminate in segregated territories within the thalamus with DN projections being located posteriorly to the GP projections (Asanuma et al. [@CR5]; Sakai et al. [@CR72]). However, recent studies imply an information exchange already occurring within the thalamus itself (Ichinohe and Shoumura [@CR27]; Bostan et al. [@CR9], [@CR10]) and by a short latency modulation of the cerebellar output to the basal ganglia (Chen et al. [@CR15]).

To date, information about basal ganglia communication with the cerebellum has been derived by neuroanatomical studies using viral transneuronal tracers in non-human primate brains, developmentally expressed molecular markers (Galvan and Smith [@CR21]; Kuramoto et al. [@CR44]; Penney and Young [@CR61]; Smith et al. [@CR81], [@CR82]; Ilinsky and Fallet [@CR28]; Nakamura et al. [@CR55]) and studies of pathological human brains (Planetta et al. [@CR63]; Halliday [@CR23]; Rolland et al. [@CR66]; Schmahmann [@CR75]). Hence, our understanding of subcortical basal ganglia and cerebellar interconnectivity within the human thalamus is still sparse due to the obvious limitation of in vivo data acquisition in the intact human brain. So far, only tractography based on diffusion magnetic resonance imaging (dMRI) offers an approach for in vivo analyses of structural connectivity in the human brain (Jbabdi et al. [@CR30]). While a direct inference on construct validity (perhaps by congruence to a gold standard) is still outstanding, current work has augmented evidence on the reproducibility of the dentato-rubro-thalamic tract in post-mortem diffusion tractography (Mollink et al. [@CR51]) and on the robustness of thalamic segmentation based on diffusion tractography (Broser et al. [@CR11]; Traynor et al. [@CR87]).

Until now, a number of human brain studies explored thalamic segmentation with diffusion tractography or based on orientation in dMRI data (e.g., O'Muircheartaigh et al. [@CR57]; Kumar et al. [@CR42]). Within the context of this article, studies specifically focussed on either thalamo-cortical connectivity (Behrens et al. [@CR6]; Johansen-Berg et al. [@CR33]; Klein et al. [@CR38]; O'Muircheartaigh et al. [@CR58]; Seifert et al. [@CR77]), cerebello-thalamic connectivity (Magnotta et al. [@CR46]; Argyelan et al. [@CR4]; Pelzer et al. [@CR60]) or on connectivity patterns in the human basal ganglia per se (including the thalamus, e.g., Draganski et al. [@CR18]; Rozanski et al. [@CR68]; Sharman et al. [@CR78]). The interconnectivity of cortex, basal ganglia, and cerebellum within the thalamus has not yet been comprehensively assessed within the human brain; hence, empirical evidence about territories of connection overlap is lacking.

Analysis of diffusion tractographic data allows for investigating such overlap in connectivity patterns in principle. Although this technique cannot unravel an anatomical distinction between partial interdigitation or local convergence of any two projections in one territory per se, it can facilitate to specify connectional fingerprints per predefined region. This in turn substantiates statistically evaluation of distinct overlaps, thereby elucidating potential functional (or pathophysiological) relevance.

Given potential implications of cerebellar contributions in basal ganglia disorders (Wu and Hallett [@CR92]) and the current lack in mapping thalamic projections within the human brain, we strive to characterize projections of basal ganglia and cerebellum as well as their potential overlap within the human thalamus. We analyzed patterns of pallidal and cerebellar connection territories (1) in relation to histologically predefined thalamic atlases and (2) derive connectional fingerprints as well as probabilistic connectivity maps for an evaluation of basal ganglia and cerebellar interconnectivity.

Materials and methods {#Sec2}
=====================

Data acquisition and subject characteristics {#Sec3}
--------------------------------------------

We acquired diffusion-weighted (dMRI) and high-resolution three-dimensional T1-(MPRAGE; TR = 1930 ms, TI = 650 ms, TE = 5.8 ms, resolution 1.0 × 1.0 × 1.25 mm, flip angle 18°, sagittal) and T2- (RARE; TR = 3200 ms, TE = 458 ms, 176 sagittal slices, resolution 1.0 × 1.0 × 1.0 mm^3^) weighted images of 12 right-handed healthy subjects (10 female) on a Siemens 3T Tim TRIO scanner with the subjects understanding and written consent in conformation with the declaration of Helsinki. These subjects were chosen from a larger sample of MRI data that we had acquired recently; we have here chosen only those participants that completely covered the cerebellum in the diffusion scans. Evidently head size plays a role here, and, hence, we sampled predominantly on female participants. All participants included in the study were right-handed (\>7th percentile) native German speakers with a mean age of 25 years (range 20--37 years). Participants were screened and excluded if any history or sign of neurological diseases was present. Diffusion-weighted magnetic resonance imaging (dMRI) was performed using echo planar imaging \[EPI; TR = 12,000 ms, TE = 100 ms, resolution 1.7 × 1.7 × 1.7 mm^3^, flip angle: 90°, Field of View (FoV): 220 × 220 × 122 mm^3^, bandwidth: 1345 Hz/pixel, orientation: axial, data matrix: 128 × 128 × 72, PAT factor 2, partial Fourier 6/8\] with double-spin echo preparation (Reese et al. [@CR64]). Diffusion weighting was isotropically distributed along 60 diffusion-weighted directions (*b* value = 1000 s/mm^2^). Additionally, in each subject seven data sets with no diffusion weighting (b0) were acquired initially and interleaved after each block of 10 diffusion-weighted images as anatomical reference for motion correction. To increase signal-to-noise ratio, scanning was repeated three times for averaging, resulting in a total scan time of approximately 45 min---dMRI data were acquired immediately after the T1- and T2-weighted images in the same scanner reference system.

Preprocessing {#Sec4}
-------------

All preprocessing steps were performed with FSL software package (version 4.1.9; <http://fsl.fmrib.ox.ac.uk/fsl>). First, reorientation of T1-weighted images to the sagittal plane through the anterior and posterior commissures was conducted. The skull was removed from both images applying FSL's brain extraction tool (BET, for details see Smith [@CR80]). Then the T1-weighted image was used as the individual structural space of each subject and as high-resolution image for further analyses. Subsequently, T1- and T2-images were linearly co-registered and the transformation matrix to diffusion space was calculated using FSL's registration tool FLIRT (Jenkinson and Smith [@CR31]) with 12° of freedom. Registration results were controlled visually for every subject. Resulting registration matrices were inverted to allow for mask transformation from diffusion space to structural space for probabilistic tractography. For transformation into standard space, resulting connectivity maps were warped into 1 mm standard Montreal Neurological Institute (MNI) space by the application of FSL's non-linear registration tool FNIRT (Andersson et al. [@CR3]).

Outlining of masks {#Sec5}
------------------

All data sets were controlled for integrity, artifacts, sufficient SNR and homogeneity. Masks of regions of interest (ROI) were outlined on T1- and T2-weighted images with FSL (<http://fsl.fmrib.ox.ac.uk/fsl/fslview>). ROI-locations were determined based on confirmation with different atlases (Schaltenbrand and Wahren [@CR73]; Mai et al. [@CR47]; Morel [@CR52]; Krauth et al. [@CR40]) after a standardized segmentation protocol, in order to maximize anatomical reliability and minimize inter-individual variability due to uncertainties in ROI-localization. In principle, we defined the whole thalamus (except for the lateral geniculate nucleus) as the seeding region for tractography; DN, representing the main projection source of the deep cerebellar nuclei in humans, and the parts of the pallidum (internal and external part) dorsal to the anterior commissure were chosen as target points (Supplementary Fig. 1, for details cf. Pelzer et al. [@CR60]).

Probabilistic tractography {#Sec6}
--------------------------

FSL's FDT-toolbox (<http://www.fmrib.ox.ac.uk/fsl/fdt/>) was applied for probabilistic tractography. To transform seed- and target masks from structural space into the diffusion space, affine transformation matrices that were generated during our preprocessing procedure were implemented into FSL's probtrackx program (Jenkinson and Smith [@CR32]); all tractography steps have been performed in diffusion space. Results were afterwards non-linearly transformed to the MNI 152 1 mm standard space for further post-processing and display. The number of samples was *P* = 5000, the number of steps *S* = 2000 with a step length of 0.5 mm; we added a path distribution function in order to correct for differences in distance between seed and target regions. The curvature threshold was: *c* = 0.2 (corresponding to a minimum angle of approximately ±80°, see [http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT/-UserGuide\#PROBTRACKX_probabilistic_tracking_with_crossing_fibres](http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT/-UserGuide%23PROBTRACKX_probabilistic_tracking_with_crossing_fibres)).

Connectivity measure {#Sec7}
--------------------

Considering all fibres originating in a given seed region S, its structural connectivity with a given target region T can be defined in terms of the proportion of those fibres that intersect T while running within the brain white matter, yielding a number in the interval between 0 (no fibres intercept T) and 1 (all fibres starting in S reach T). This quantity (*φ*) gives no information about the absolute number of connections between two regions, but reflects the degree of connectivity or relative connectivity density. It can be considered as a measure of the likelihood of a connection in the sense that it can be interpreted as the frequency at which one would reach T by randomly seeding a fiber starting within S. In our framework, the notions of anatomical connection strength and anatomical connection likelihood are therefore inter-changeable (for a more detailed discussion of this issue, cf. Stephan et al. [@CR86]).

From this, connectivity values were derived by a normalization of the geometric mean of the robust maxima of each individual connectivity map. The normalized connectivity maps were warped to MNI 1 mm standard space; subsequently the arithmetic mean of all normalized maps was determined for further analysis. To minimize noise, we threshold connection probabilities to include only those voxels higher than the lower 95 % confidence interval (CI). Visual evaluation was enabled by masking the resulting probability maps with histologically identified thalamic nuclei provided by Krauth et al. ([@CR40]). Taken from this atlas, a 3D volume of all thalamic sub-nuclei (as enlisted in Table [1](#Tab1){ref-type="table"}) was overlaid onto the connectivity map separately for each projection (pallidal or cerebellar, respectively) and the results were slice-by-slice evaluated in 2D along the *x*, *y* and *z* axis. The relative connectivity density was caught in a continuous color scale, where high and low connectivity is yellow and red, respectively (Fig. [1](#Fig1){ref-type="fig"}). Evidently the three-dimensional reconstruction of a cytoarchitectonically based thalamic atlas can be just an approximation of an in vivo anatomical thalamic territory. We have chosen this atlas primarily, because it provides a standard and was provided in the 1 mm MNI-152 space. We displayed probabilities for connectivity in FSLVIEW (<http://fsl.fmrib.ox.ac.uk/fslview>). No further hard segmentation procedure to classify these connectivity maps was performed in order to sustain streamline distributions even at low connection probabilities. Atlas-based thalamic "sub-territories" followed the revised Anglo-American nomenclature (see Table [1](#Tab1){ref-type="table"}, as well as Hirai and Jones [@CR25]).Table 1Connotation of thalamic "sub-territories" as implemented in the three-dimensional atlas of the human thalamus, after Krauth et al. ([@CR40])NameAbbreviationNameAbbreviationAnterodorsal NucleusADPosterior nucleusPoAnteromedial nucleusAMAnterior pulvinarPuAAnteroventral nucleusAVInferior pulvinarPulCentral medial nucleusCeMLateral pulvinarPuLCentral lateral nucleusCLParvalbuminPVCenter médian nucleusCMSuprageniculate nucleusSGFasciculus cerebello-thalamicusfctNucl. Tegmenti pedunculopontinus, pars compactaTPPHabenular nucleusHbVentral anterior nucleusVALateral dorsal nucleusLDVentral anterior nucleus (magnocellular divisions)VAmcLateral geniculate nucleus (magnocellular layers)LGNmcVentral anterior nucleus (parvocellular divisions)VApcLateral geniculate nucleus (parvocellular layers)LGNpcVentral lateral nucleusVLLimitans nucleusLiVentral lateral anterior nucleusVLaLateral posterior nucleusLPVentral lateral posterior nucleusVLpMediodorsal nucleusMDVentral lateral posterior nucleus (dorsal division)VLpdMediodorsal nucleus (parvocellular division)MDpcVentral lateral posterior nucleus (ventral division)VLpvMediodorsal nucleus (magnocellular division)MDmcVentral medial nucleusVMMedial geniculate nucleusMGNVentral posterior inferior nucleusVPIMamillothalamic tractMttVentral posterior lateral nucleusVPLMedioventral nucleusMVVentral posterior lateral nucleus (anterior divisions)VPLaParafascicular nucleusPfVentral posterior lateral nucleus (posterior divisions)VPLpSubparafascicular nucleussPfVentral posterior medial nucleusVPMMedial pulvinarPuM Fig. 1Connection strength (*φ*) of pallido-thalamic (**a**) and dentate-thalamic projections (**b**). High and low connectivity is represented in a *color scale* ranging from *yellow* to *red*, respectively, where *yellow* denotes highly connected and *red* low connectivity. Within the thalamus the pallidal projection territory is located primarily in anterior and medial regions, whereas the dentate projection territory is located more laterally and posterior. The medial thalamic region and the intralaminar nuclei are overlapping zones for both territories

Statistical analysis {#Sec8}
--------------------

After anatomical evaluation, relative connection strength was estimated for each thalamic territory by applying the individual nuclei territory maps provided by Krauth et al. ([@CR40]). To select connectivity values associated with each thalamic territory, we took a robust average per subject. Statistical outliers were excluded by the robust regression and outlier removal (ROUT) method with a threshold of false discoveries of *Q* = 2 % \[where *Q* determines how aggressively the method will remove outliers; we took a fairly conservative approach (Motulsky and Brown [@CR53])\]. We then normalized individual connectivity values for pallidal and cerebellar connection probability to the maximum connectivity value of the left and right hemisphere individually; herewith the size in the seed or target region was taken into account to render the results comparable. Connectivity fingerprints were then derived for each projection pattern (Fig. [2](#Fig2){ref-type="fig"}). Relative connectivity densities (*φ*) of the sub-territories were tested in a Wilcoxon-matched pair-sign-rank test between the left and right hemisphere due to the nonparametric distribution revealed by a D'Agostino and Pearson omnibus normality test (*p* \< 0.05; Fig. [3](#Fig3){ref-type="fig"}).Fig. 2Connectivity fingerprints for pallido-thalamic and cerebello-thalamic projections. The *values* indicate the relative connection density for pallidal (in the **a**, *left*, and, **b**, right hemisphere) or cerebellar (**c**, *left*; **b**, *right*) connectivity with thalamic sub-territories (for the connotation of different nuclei, please cf. Krauth et al. [@CR40], or Table [1](#Tab1){ref-type="table"}) Fig. 3Analysis of the hemispheric difference in pallidal and cerebellar connection density within the thalamus. Overall connectivity values (mean ± SEM) were higher from GP to thalamus in the *left* hemisphere than in the *right* (**a**, *p* \< 0.001), whereas projections from right DN into the left hemispheric thalamus were lower compared to connectivity values for projections from left DN into the thalamus of the right hemisphere (**b**, *p* \< 0.05). All regions that have been considered for the connectional fingerprints (Fig. [2](#Fig2){ref-type="fig"}) were included in the analysis

Results {#Sec9}
=======

Pallido-thalamic connectivity {#Sec10}
-----------------------------

The map of pallido-thalamic projections had a stratified appearance with peak connectivity in medial regions and regions of VA (Fig. [1](#Fig1){ref-type="fig"}a). Within a 95 % confidence interval, connectivity densities were higher in the left hemisphere as compared to the right hemisphere. A gradient decreasing along the antero-posterior extent was found in VA/VL regions: inferior and anterior parts of VA revealed the highest connection strength. Reasonably high connectivity revealed for antero-medial parts of VLp, for VM, as well as for dorsal and anterior parts of VPM; to a lesser extent anterior and medial parts of VLa were connected with the pallidum. More medially, the caudal group nuclei of the intralaminar nuclei, were highly connected, specifically the whole Pf and anterior parts of sPf, and to a considerably lesser degree the anteromedial parts of the CM. All dorsal group nuclei (CL and CeM) were strongly connected. In the medial nuclei group inferior parts of MDpc, lateral parts of MDmc and the medioventral nucleus were highly connected; and, additionally, anterior parts of the epithalamus, i.e., the Habenla (Hb). In the anterior thalamic area, posterior parts of LD were highly connected; in the lateral posterior group, dorsal and posterior parts, i.e., LP, expressed high connectivity. Antero- and dorso-medial parts of the pulvinar and PuM had medium connection strength.

All remaining regions exhibited no or only very moderate probability for pallidal projections. The mammillothalamic tract could be clearly identified and passed the pallidal territory with low connection probability.

In an assessment of the connection densities, we focussed on ventral, medial and intralaminar thalamic nuclei as representative regions, because these have been previously described to be main territories of pallidal projections (for results of remaining territories, cf. Suppl. Figure 2 A/B). The connectivity of different sub-territories for pallidal projections was characterized by territory-specific 'connectional fingerprint' for the left (Fig. [2](#Fig2){ref-type="fig"}a) and right hemisphere (Fig. [2](#Fig2){ref-type="fig"}b), respectively. Within this fingerprints, the general pattern was highly congruent between both hemispheres, yet the overall connectivity for all pallidal projections in the considered sub-territories was significantly different between both hemispheres (*p* \< 0.001; see Fig. [3](#Fig3){ref-type="fig"}a).

Dentato-thalamic connectivity {#Sec11}
-----------------------------

In contrast to findings following pallido-thalamic tractography, connectivity with the DN indicate a gradient decreasing along the postero-anterior extent, which is particularly pronounced in ventral thalamic nuclei (Fig. [1](#Fig1){ref-type="fig"}b).

Highest connection strength was deduced for ventroposterior nuclei regions of the thalamus, comprising dorsal and anterior parts of VPLa, ventral and anterior parts of VPLp, as well as VPM. The other ventral nuclei (including VM, VLa and VLpv) revealed less high but still pronounced connectivity values; the dorsal and posterior parts of VLpd were connected with considerably lower probability. Inferior and posterior parts of VApc and anterior and posterior parts of VAmc were again highly connected. Anterior regions of VPI were only moderately connected on the left side, but not on the right.

The intralaminar nuclei were highly connected in ventral parts of CM, dorsal and ventral parts of CeM, ventral parts of Pf, and sPf, as well as in antero-medial and dorsal parts of CL.

The medial division of the dorsal thalamus, MV and lateral parts of MDpc, are highly connected; especially in the right hemisphere MDmc density of connectivity values is low. Moreover, the anterior division of the dorsal thalamus, comprising posterior parts of AV and AM, were highly connected with DN; left and anterior parts of the LD exhibited high connectivity in the right hemisphere, but none was found in the left hemisphere.

Anterior and inferior parts of PuA were only moderately connected. No or only low connectivity values of dentate-thalamic projections were found for the remaining thalamus.

In an assessment of the connection densities, we again focussed on ventral, medial and intralaminar thalamic nuclei as representative regions that have also been characterized to be main territories of cerebellar projections (Sakai et al. [@CR72]; for results of remaining territories, cf. Suppl. Figure 2 C/D). Territory-specific connectional fingerprints for dentatal projections were estimated separately for the right (Fig. [2](#Fig2){ref-type="fig"}c) and left hemisphere (Fig. [2](#Fig2){ref-type="fig"}d). Here, the general pattern was again highly congruent between both hemispheres, yet it appeared not as similar as for the pallidal projections in an inter-hemispheric comparison. Still the overall connectivity differed significantly between the right and left hemisphere (*p* \< 0.05); here, higher connection strength' from the right dentate nucleus to the left thalamus were found (see Fig. [3](#Fig3){ref-type="fig"}b).

Discussion {#Sec12}
==========

We assessed pallido-thalamic and dentato-thalamic connectivity for specific thalamic sub-territories. As transneuronal tracing is not assessable in humans, information on these connectivity aspects until now resides on the studies from the expression of molecular markers or pathological brain studies. Therefore, we used tractography based on diffusion MRI for our evaluation. While this type of technique does not comprehensibly allow to differentiate every anatomical detail in projection overlaps per se (see below), it facilitates two prominent aspects of connectivity information (Jbabdi et al. [@CR30]): (1) the qualitative appraisal of fiber distributions and (2) the quantitative assessment of relative connection densities. Suchlike connection density of both subcortical systems and their potential overlap can be characterized and statistically substantiated within the human thalamus.

Comparisons of the interconnectivity of projections from the cerebellum and basal ganglia have been a matter of intensive discussion in the anatomical literature (see, e.g., Jones [@CR34]). Especially reports on projections to the human thalamus bear numerous discrepancies and open questions, most prominently with regard to the conflict of mismatch between afferent and efferent projections and due to vast differences in thalamic nomenclature (Krack et al. [@CR39]); when considering data from diffusion tractography as well, there might arise an additional issue with respect to the different spatial resolution and anatomical aperture.

Pioneers as Vogt and Vogt ([@CR89]) already described pallidal connections with the (motor) thalamus, e.g., the VA/VL complex, in humans. They used diverse methods to describe connections of the striatal system, the pallidum and the thalamus (here morphological descriptions and interpretations from myeloarchitecture, cytoarchitecture and histology, Vogt and Vogt ([@CR90])). Their results were replicated in following decades by studies in non-human primates (Carpenter and Strominger [@CR14]; Kim et al. [@CR36]; Parent and De Bellefeuille [@CR59]; Fénelon et al. [@CR19]; Sakai et al. [@CR72]; Kuo and Carpenter [@CR43]; Nauta and Mehler [@CR56]), in rats (Carter and Fibiger [@CR94]), and in cats (Larsen and Sutin [@CR95]; Harnois and Filion [@CR96]). But also studies with molecular markers like GABA and glutamate (Kuramoto et al. [@CR44]; Penney and Young [@CR61]; Bosch-Bouju et al. [@CR8]) and studies of pathological brains (Schmahmann [@CR75]; Rolland et al. [@CR66]; Halliday [@CR23]) supported a territory specific distribution.

In agreement with our findings, regions such as VM were determined as part of the pallido-thalamic projection territory (Kultas-Ilinsky et al. [@CR41]; Haroian et al. [@CR24])---this was conclusively reported also in human post-mortem studies (Gallay et al. [@CR20]). Also in congruency with our results, only few pallidal projections reach VPL (Sakai et al. [@CR72]). A discrepancy, however, occurs by our finding that seems to suggest only moderate pallidal connectivity with VLa. This may be due to the specific intra-pallidal fiber organization and associated with a problem of diffusion tractography to resolving this: From anatomical tracing studies, dorsal parts of the internal segment of the pallidum (GPi) prominently project to VApc by passing VM; conversely, ventral GPi projections are rather expected in posterior regions of the thalamus, such as VLa (Kuo and Carpenter [@CR43]). In our study, we restricted ourselves to include only GP segments dorsal to the anterior commissure in our mask (see Methods), the ventral pallidum was therefore disregarded (cf. Suppl. Figure 1). This decision may have biased connection densities in VLa.

Connections to the dorsal (CL; CeM) and caudal intralaminar nuclei (CM; Pf) have been described to be the main target for efferent (Nauta and Mehler [@CR56]; Sakai et al. [@CR72]; Sidibe et al. [@CR79]; Kuo and Carpenter [@CR43]; Sadikot and Rymar [@CR69]) as well as afferent (Kincaid et al. [@CR37]; Yasukawa et al. [@CR93]; Sadikot and Rymar [@CR69]) pallidal projections, in line with our findings. Moreover, from our studies projections in medial thalamic regions---including MDpc, lateral parts of MDmc and anterior parts of the Hb---seem highly probable, which is also in line with existing animal studies (MD, e.g., Mitchell and Chakraborty ([@CR50]); Hb, e.g. Parent and De Bellefeuille ([@CR59])).

Additionally, we found pallidal projection zones in dorsal thalamic areas---in posterior parts of LD, dorsal and posterior parts of LP and anterior and dorsal parts of PuM. Projections to the lateral aspects have been described in rats (Sakai and Bruce [@CR70]), and only very moderate projections to the medial pulvinar (PuM) are in accordance to existing studies as well: Although afferent projection from GP to the pulvinar have been reported (DeVito et al. [@CR17]), PuM is the thalamic nucleus with a distinguished overlap of thalamocortical but only few subcortical projections (Murray and Wallace [@CR54]).

Cerebellar projections to VA/VL regions have been intensively studied (Stanton [@CR84]; Kalil [@CR35]; Asanuma et al. [@CR5]; Percheron et al. [@CR62]; Middleton and Strick [@CR49]), suggesting dense projections from the deep cerebellar nuclei (mainly DN) to VLp.; these projections include postero-dorsal parts and antero-medial parts of VLp, as well as regions between the islands of VLa (Asanuma et al. [@CR5]; Percheron et al. [@CR62]; Middleton and Strick [@CR49]). In human post-mortem studies, entrance of cerebellar fibres was demonstrated in the ventral division of VLpv, with a possible extension into VLa (Gallay et al. [@CR20]). Caudal region of VA was described to be part of the cerebellar projection field in accordance with our findings (Kusama et al. [@CR45]; Stanton [@CR84]; Kalil [@CR35])---although controversial discussions about these projections exist (Asanuma et al. [@CR5]; Ilinsky and Kultas-Ilinsky [@CR29]; Percheron et al. [@CR62]). Cerebellar afferents to the VM, as reported in our study (yet without the possibility to impute direction of information transfer), were repeatedly confirmed after lesions in the brachium conjunctivum (Kultas-Ilinsky et al. [@CR41]; Haroian et al. [@CR24]; Gallay et al. [@CR20]). In the ventro-posterior thalamic area, cerebellar projections ascending within the cerebello-thalamic fascicule that pass VPM on their way to VLp are well described (Gallay et al. [@CR20]). Next to dorsal column-lemniscal afferents into the VPLa, cerebellar axons pass the somesthetic nuclei of VPM (Asanuma et al. [@CR5]; Percheron et al. [@CR62]). Ascending projections of DN entering VPI have been confirmed in a study in the monkey (Sakai et al. [@CR72]), but just as 'fibres en passage' without termination---these findings are also in line to our findings. The posterior division of VPL was, as in our study, no main zone of cerebellar projections; however, in our study small inferior and anterior parts of VPLp were highly connected. This may be due to incongruences between histologically defined atlas-based regions and, hence, a matter of resolution.

Regarding the intralaminar nuclei, each of the deep cerebellar nuclei projects to dorsal---i.e., to CL (Kalil [@CR35]; Asanuma et al. [@CR5]; Sakai et al. [@CR72]; Sadikot and Rymar [@CR69]) or CeM (Haroian et al. [@CR24])---and caudal intralaminar nuclei---i.e., to CM and inferior parts of Pf (Sakai and Patton [@CR71]; Sakai et al. [@CR72]; Gallay et al. [@CR20]), which we could confirm in our analysis (Fig. [1](#Fig1){ref-type="fig"}b). Excitatory projections to the subparafascicular nucleus, as part of the mesodiencephalic junction, are well described and match to our findings (De Zeeuw et al. [@CR16]); notably also fibres 'en passage', like suprarubral fibres from the dentato-thalamic tract, may have additively enhanced the connectivity values in this small nucleus; it is, however, methodologically not possible to differentiate between terminal fields and fibres 'en passage' by diffusion tractography. Also well in line with our results are findings that assign the territory of MD as a projection territory of the cerebellum (Middleton and Strick [@CR49]). To our knowledge, cerebellar projections to anterior thalamic nuclei or LD have not yet been directly investigated by transneuronal tracing studies, but an involvement of the cerebellum with the Papez circuit had been formerly considered (Snider and Maiti [@CR83]). Cerebellar projections passing the pulvinar have been documented in the monkey and might support moderate connection probabilities in our analysis (Stanton [@CR84]).

The main organization principle in the thalamus with respect to both, pallidal and cerebellar, projections, is a segregation of terminal fields (Middleton and Strick [@CR49]). In the current anatomical literature, different regions of potential overlap, such as VA, VL or VM, the intralaminar nuclei or the medial nuclei group have been examined (e.g., Sakai et al. [@CR72]; Rouiller et al. [@CR67]). To which extent, however, these projection systems really segregate, converge or interdigitate has been discussed controversially (e.g., Percheron et al. [@CR62]; Ilinsky and Kultas-Ilinsky [@CR29]). It is a matter of dispute whether, rather than serving as a means for widespread cortical areas to gain access to the motor system, the recipient thalamic neurons of the multiple, possibly segregated, loops perform other functions, like cognition (Middleton and Strick [@CR49]). The targets within the medial (intralaminar) areas and within the lateral area might be related to segregated streams (as postulated from the cerebellum) and might convey cerebellar input to either the striatum or the cortex, respectively, and subserving different functions (Caligiore et al. [@CR12]). Our analysis will not resolve this debate completely. The applied technique, diffusion tractography, cannot in principle differentiate converging synapses from interdigitating projection patterns, and it does neither lead to discriminate direction of information transfer nor to determine an axonal termination, but it greatly holds promise to define thalamic territories that are likely for projection overlaps. In this context, we visualized our findings for the regions discussed above (Fig. [4](#Fig4){ref-type="fig"}), what might stimulate the above debate.Fig. 4Schematic overview of pallido-thalamic and dentato-thalamic projections. Pallido-thalamic projections (*green*) are located more anteriorly and medially than dentate-thalamic projections (*orange*). Although both projection systems indicate a particular territory specific accentuation, overlapping regions exists (such as the VLa or the CM/PF-complex, for instance)

Furthermore, our analysis revealed a lateralization of pallido-thalamic connectivity in the left thalamus (*p* \< 0.001; see Fig. [3](#Fig3){ref-type="fig"}a) and a lateralization of the projections from the right cerebellar hemisphere to the left thalamus (*p* \< 0.05; see Fig. [3](#Fig3){ref-type="fig"}b).

This asymmetry in connectivity likely reflects the functional hemispheric specialization, such as proposed by Stephan et al. ([@CR85]). That is, evidently two distinct forms of functional lateralization are present in the left vs the right cerebral hemisphere (Gotts et al. [@CR22]). These may correlate with accentuated projections accordingly of individual thalamic nuclei.

In this context, a well-known finding is a dominance pattern in basal ganglia motor activation (Scholz et al. [@CR76]): the left basal ganglia nuclei seem more active than the right for right handers, regardless of hand use. Alike a functional lateralization has been reported for the also cerebellum (Bernard et al. [@CR7]; Mattay et al. [@CR48]; Schlerf et al. [@CR74]), in accordance to our findings. Yet our analyses also point towards lateralization in connectivity beyond the motor domain. We find predominantly pallidal and cerebellar connections to be lateralized in medial thalamic regions (esp. the medial and intralaminar nuclei) as well as in VAmc. Hence, underlying function might rather be constrained to non-motor domains (Van der Werf et al. [@CR88]). As medial and intralaminar nuclei each receive specific sets of afferents and project to parts of the cerebral cortex and basal ganglia, a lateralization in these thalamic subgroups does likely also exist. Moreover, the targets of the thalamo-cortical and thalamo-basal ganglia projections of a given nucleus are interconnected through cortico-basal ganglia projections. Therefore, the medial and intralaminar nuclei might have a dual role in cortico-subcortical interactions in the forebrain; interestingly, output station from the thalamus to the forebrain is the VAmc region, which is densely connected to medial and intralaminar regions (Carmel [@CR13]).

In basal ganglia disorders, such as Parkinson's disease, structural and functional alterations of the thalamus have been described (Rolland et al. [@CR66]; Planetta et al. [@CR63]; Halliday [@CR23]). Recent pathophysiological concepts consider a compensatory function of the cerebellum during initial disease stages, and a further modulatory role of cerebellar nuclei on basal ganglia circuitry during disease progression (Wu and Hallett [@CR92]). Here, the thalamus is regarded as the main relay station of both projection systems. Given these implications and the current lack in mapping thalamic projections within the human brain, clearly further analysis is needed to elucidate pathophysiological hypotheses on basal ganglia disease progression as well as to enrich concepts for operative treatment of movement disorders. In this context, diffusion tractography will complement further neuroanatomical studies by contributing in vivo findings.

In conclusion, pallidal and cerebellar projections to the thalamus show a territory specific organization with (1) segregated areas and (2) overlapping regions. Interestingly, these overlapping regions are remarkably larger than it has been described earlier in animal studies. Although the underlying anatomical distinction of the overlap cannot be dissolved by diffusion tractography, our findings highlight the possibility for a larger information exchange between basal ganglia and cerebellum at thalamic level. These findings may thereby also indicate the increasing compensatory role of the cerebellum in basal ganglia disorders like Parkinson's disease.
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